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Overview

Among many one-dimensional (1D) nanorod heterostructures composition modulated
along the radial directions nanorod heterostructures have been fashioned into versatile building
blocks for many electronic and photonic nanodevice applications. For instance, if a shell layer in
a coaxial nanorod heterostructure has a wider bandgap energy and a lower refractive index than a
core layer, confinement of both carriers and photons in the core nanorod is significantly
enhanced, which enables fabrication of highly efficient light emitting devices as already proven
for quantum well or quantum wire semiconductor lasers. In addition, low-dimensional carrier gas
is formed for coaxial nanorod hetrerostructures with abrupt interfaces, essential for fabrication of
nanometer-scale transistors with high carrier mobility. Nevertheless, a rational synthetic strategy
for 1D heterostructures, which can fulfill various application requirements, is not yet fully
established. In this research, we investigated photoluminescent (PL) properties of ZnO/ZnMgO
coaxial nanorod heterostructures and ZnO/ZnMgO nanorod single-quantum-well structurcs
(SQWs). Especially. scanning near-field optical microscopy (SNOM) has been used for optical
characterizations of individual nanorod SQWs.
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Introduction

Among many one-dimensional (1D) nanorod heterostructures composition modulated
along the radial directions nanorod heterostructures have been fashioned into versatile building
blocks for many electronic and photonic nanodevice applications. For instance, if a shell layer in
a coaxial nanorod heterostructure has a wider bandgap energy and a lower refractive index than a
core layer. confinement of both carriers and photons in the core nanorod is significantly
enhanced, which enables fabrication of highly efficient light emitting devices as already proven
for quantum well or quantum wire semiconductor lasers. In addition, low-dimensional carrier gas
is formed for coaxial nanorod hetrerostructures with abrupt interfaces, essential for fabrication of
nanometer-scale transistors with high carrier mobility. Nevertheless, a rational synthetic strategy
for 1D heterostructures, which can fulfill various application requirements, is not yet fully
established. Although 1D coaxial nanowire heterostructures including GaN/(Al,Ga)N and
Zn0O/(Mg,Zn)O have recently been fabricated by the vapor-liquid-solid (VLS) process, a clean
and abrupt interface has not been produced, presumably due to spontaneous phase separation
inducing self-ordered formation of coaxial heterostructures. In particular. difficulties with
thickness and composition controls of the each layer hinder us from synthesizing artificial
heterojunction structures. These exciting challenges in overcoming such problems inspire us to
facilitate sophisticated metal-organic vapor phase epitaxy (MOVPE) for attaining accurate layer
thickness and composition controls of coaxial nanorod heterostructures.

Coaxial nanowire/nanorod heterostructures with composition modulation along the radial
direction can be used as an essential component for fabrication of quantum devices, such as high
clectron mobility transistors. For ZnO/ZnMgO coi z-shell nanorod heterostructures, the higher
bandgap energy and larger refractive index of the ZnMgO shell layer result in confining both the
carriers and emitted photons. In addition, the shell layer coating on ZnO core nanorods with a
clean interface is expected to suppress surface-mediated nonradiative recombination and to
decrease thermal quenching of light emission intensity. Although there have been some reports
on coaxial nanowire and nanorod heterostructures, including Ge/Si, Si/CdSe, and GaP/GaN, the
enhanced optical properties of coaxsial nanorod heterostructures have not been reported.
However, since the lattice mismatches between ZnO and ZnggMg,,0 are smaller than | %, we
can prepare high quality ZnO/Zn,gMg,,0 coaxial nanorod heterostructurecs with clean
interfaces, enabling us to successfully demonstrate the quantum confinement effect in the
nanorod quantum structures.

Recent demonstration of semiconductor nanorod quantum-well structure enables us o
fabricate nanometer-scale electronic and photonic devices on single nanorods. Recently, several
Zn0O/ZnMgO nanorod quantum structures were fabricated and the quantum confinement effect
was successtully observed. In addition, further improvement in the fabrication of nanorod
heterostructures has resulted in the observatior. of significant PL intensity, even from
ZnO/ZnMgO nanorod single-quantum-well structures (SQWs). Near-field spectroscopy has
made a remarkable contribution to investigations of the optical properties in nanostructures, and
resulted in the observation of nanometer-scale optical image, such as the local density of exciton
states. To confirm the promising optical properties of individual ZnO/ZnMgO SQWs for
realizing nanophotonic devices, we investigated optical anisotropy and spatially-resolved PL
emission of ZnO/ZnMgO SQWs using near-field spectroscopy.
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Results

1. Fabrication and photoluminescent properties of heteroepitaxial ZnO/Zn,3Mg,,0 coaxial
nanorod heterostructures

Zn0/Zn\Mg,O coaxial nanorod heterostructures were synthesized by in-siiu
heteroepitaxial growth of a Zn; Mg thin layer on ZnO core nanorods. MOVPE was
employed for the fabrication of Zn, Mg,O/ZnO coaxial nanorods with an abrupt interface.
homogeneous compositions, and a uniform layer thickness.'' We employed a two-step MOCVD
process consisting of (i) high temperature synthesis of ultrafine core ZnO nanorods and (ii)
subsequent low temperature Zn; Mg.O shell layers coated on core ZnO to fabricate the
Zn0/Zn;  Mg,O coaxial nanorod heterostructures, as schematically shown in Fig. 1(a). As an
initial step. core ultrafine ZnO nanorods were prepared at 800-900°C using diethylzine (DEZn)
and oxygen as the reactants, with argon as the carrier gas. Nanorod diameters determined by
electron microscopy images were as small as 9 nm with a normalized standard deviation value (a
standard deviation divided by a mean) of 0.2-0.3. Subsequent depositions of Zn; Mg,O shell
layers were in-situ performed at low temperature of 450-550°C by addition of bis-
cyclopentadienyl-Mg (cp:Mg) as the Mg precursor in the same chamber, resulting in a Zn,.
xMg,O layer coating over all ZnO nanorod surfaces. The Zn,.\Mg,O shell layer coating on the
ultrafine ZnO nanorods was robust and was not peeled off.

Figure 1(b) shows a typical field-emission scanning electron microscopy (FE-SEM)
image of ZnO/Zn,;3sMgo.0 coaxial nanorod heterostructures. In comparison with bare ZnO
nanorods, there is no significant change in the morphology except that nanorod diameters
increased with Znj Mg O shell coating time. As shown in Figs. I(c) and (d), furthermore, HR-
TEM images were obtained by TEM measurements of the nanorod heterostructures along
longitudinal and transverse (cross-sectional) directions of the nanorods, which clearly revealed
the formation of ZnO/Zny sMg( >0 coaxial nanorod heterostructures by the contrast change duc to
the composition difference between core and shell layers along the radial direction. For the
transverse directional TEM measurements, the coaxial nanorod heterostructurcs were sliced.
perpendicular to the c-axis of the nanorods using an ultramicrotome. The cross-sectional TEM
image of the ZnO/Zn, Mgy ,0 coaxial nanorod heterostructure exhibits well-developed {10-10}
facets in the ZnO core with an abrupt interface between ZnO and ZnyyMg,,0. These TEM
images indicate that the Zn,sMgg,0 shell layers with a thickness of 11-14 nm covered the entire
surfaces of the ZnO core nanorod continuously and uniformly. Based on the shell layer thickness
measurements by both TEM and SEM, the coating rate was estimated to be 3.2 nm/min.

The HR-TEM image also shows very clean and abrupt interfaces betwcen the ZnO and
ZnosMgo 20 layers as indicated by arrows in the TEM images. Apart from the difference in TEM
image contrast, the lattice images of both layers were hardly distinguishable and the interfacc
was not easily recognizable as shown in Fig. I(e). Dislocations at the interfaces or at the shell
layer were rarely observed, as little as at the bare ZnO layer, while dislocations were quite ofien
observed for lattice-mismatched GaN/ZnO coaxial nanorod heterostructures. The electronic
structure observed from the electron energy-loss spectrometer also showed little difference in the
conduction band structure of oxygen K-edge at ZnO and Zn,sMg,0 layers. These TEM results
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strongly suggest that the growth of ZngsMgy,O on ZnO is coherently epitaxial, presumably
resulting from the small lattice mismatch between ZnO and Zn, gMg >0 layers less than 0.5 %.

{a) Zno (core}

Figure 1. (a) Schematic and (b-e) electron microscopy images of ZnO/Zn,sMg,, -0 coaxial nanorod heterostructures.
(b) Typical FE-SEM images of ZnO/Zn,sMg,,O coaxial nanorod heterostructures. TFM images  of
Zn0O/ZnysMgy -0 coaxial nanorod heterostructures measured along (c) longitudinal and (d) transverse (cross-
sectional) directions. The cross-sectional TEM image of the Zn0O/ZnygMg,-O coaxial nanorod heterostructure
exhibit well-developed {10-10} facets in the ZnO core with an abrupt interface between ZnO and Zn, Mg, -0. (c)
HR-TEM image of ZnO/Zn,4Mg, -0 coaxial nanorod heterostructures. From the HR-TEM measurements, lattice
images of the nanorod heterostructures without any visible defcct formation were clearly observed.

Figures 2(a)-(d) show room temperature PL spectra of ZnO nanorods with average
diameters of 9 and 35 nm, and ZnO/Zn, Mg, O coaxial nanorod heterostructures. As shown in
Figures 3(a) and (b), the dominant PL peak of ultrafine ZnO core nanorods with a diameter of 9
nm shows a 30-meV blue-shift, compared with that of thick ZnO nanorods with a diameter of 35
nm due to the quantum confinement effect. In addition, overall shape and dominant peak
positions in the spectra from the thin ZnO nanorods are not significantly affected by the
ZnosMg >0 shell layer coating. In particular, the PL peak position of ZnO/Zn 4Mg,0 coaxial
nanorod heterostructures did not significantly depend on the thickness of the capping
Zny Mg 0 layer. However, for only the heterostructures with a Zn Mg -0 shell layer thicker
than 20 nm, a new emission peak was observed at 3.53 eV, corresponding to the near bandedge
emission of the Zng Mgy ,0 layer. From all the above results, the possibility of alloy formation
and resulting blue-shift of the PL peak can be ruled out, indicating that there is no significant
intermediate layer formation in MOVPE growth of the coaxial nanorod heterostructures.
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One of significantly enhanced PL properties for coaxial nanorod heterostructures is much
higher PL intensity than that of bare ZnO nanorods. As shown in the inset ol Fig. 2(a). the
integrated PL intensity of nanorod heterostructures increased with the Zn,sMgo>O layer
thickness coating. This behavior is presumably related to surface state effects on radiative
recombination ol the coaxial nanorod heterostructures. In general, the surface acts like a defect
and may induce nonradiative or radiative deep level transitions. This surface effect is more
serious for the thinner nanorods due to their higher surtace/volume ratio. For the coaxial nanorod
heterostructure, the ZnggMg,-,0 shell layer can confine carriers in the ZnO core. and hence
suppress luminescent quenching by the surface state effect. In addition, the enhancement of the
integrated PL intensity became higher with increasing Zny gMg 20 layer thickness up to 13 nm.
presumably due to the increased excitation volume for thicker nanorod hcterostructures.
However, further increases of shell layer thickness over 13 nm leads to a small decrease in the
PL intensity This may result from another radiative transition at 3.53 eV in ZngsMg,20 or
nonradiative transition by misfit dislocations. Dislocation density may start to increase
significantly, as the shell layer thickness exceeds a certain critical thickness, thereby increasing
the probability of carrier trapping to nonradiative recombination centers.
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Figure 2. Room temperature PL spectra of ZnO nanorods with average diameters of (a) 9 and (b) 35 nm, and (c)
Zn0O/Zny sMg,; 2O coaxial nanorod heterostructures. The inset shows the normalized PL intensity of near bandedge
emissions, depending on the Zn, Mg, -O shell layer thickness.

Further optical properties of ZnO/ZnysMgy>O coaxial nanorod heterostructures were
investigated by measuring their PL spectra at various temperatures between 10 K and room
temperature. Figure 3(a) shows typical temperature-dependent PL spectra of ZnO (9 nm
diameter)/ZnysMgy,0 (13 nm thickness) coaxial nanorod heterostructures. With increasing
temperature, thermal quenching in the dominant PL peak was observed with a red shift of the
dominant PL peak due to band gap shrinkage. For the coaxial nanorod heterostructures, however,
thermal quenching is much lower than that of bare ZnO nanorods. From temperature-dependent
integrated emission intensity for thick and ultrafine ZnO nanorods and the 7ZnO/Zn,sMg;-0
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coaxial nanorod heterostructures as shown in Fig. 3(b), the coaxial nanorod heterostructures
exhibited the lowest thermal quenching. This results from reduced thermal escape to
nonradiative centers since radiative transition by electron and hole wavefunction overlap is
enhanced due to carrier localization in the ultrafine ZnO nanorods and their coaxial
heterostructures. Furthermore the high quality heteroepitaxial ZngsMg,>O capping layer
passivales surface nonradiative recombination centers, resulting in the rcduced thermal
quenching.
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Figure 3. Temperature-dependent PL spectra of ZnO (9 nm diameter)/Zn,sMgy-O (13 nm thickness) nanorod
heterostructures measured in the temperature range from 10 to 293 K. (b) Spectrally-integrated PL intensity
normalized with the PL intensity at 10 K as a function of temperature for thick (D = 35 nm) and ultrafine (D = 9 nm)
ZnO nanorods and ZnO/Zn, sMg, ~O coaxial nanorod heterostructures.

Our controlled heteroepitaxial growth of coaxial nanorod heterostructures opens up
significant opportunities for fabrication of nanorod device structures with radial composition
modulation. In particular, these coaxial nanorod heterostructures may be very useful for high
efficiency light-emitting device applications.

2. Evaluating quantum confinement effect of isolated ZnO nanorod single-quantum-well
structures using near-field measurement

ZnO/ZnMgO SQWs were fabricated on the ends of ZnO nanorods with a mean diameter
of 40 nm using catalyst-free metalorganic vapor phase epitaxy. The average concentration of Mg
in the ZnMgO layers used in this study was determined to be 20 at. %. The ZnO well layer
thickness /., investigated in this study were 2.5, 3.75, and 5.0 nm, while the thickness of the
ZnMgQO bottom and top barrier layers in the SQWs were fixed at 60 and 18 nm, respectively.
After the growth of ZnO nanorod SQWs on sapphire (0001) substrate, they were dispersed on the
substrate to be isolated. To confirm the promising optical properties of individual ZnO SQWs,
we used collection-mode NOM at 15K, in which He-Cd laser (A=325 nm) was used for the
excitation. We used UV fiber probe with an aperture diameter of 30 nm [Fig. 4].
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Fig. 4. Schematic of near-field spectroscopy of the isolated ZnO SQWs on the ends of Zn() nanorod.

A major investigation of the optical properties of isolated ZnO SQWs was performed by
analyzing the polarization-dependent PL spectrum of isolated ZnO SQWs (L,, = 3.75 nm). As
shown in Fig. 5(a), NFy is a near-field PL spectrum obtained with parallel polarization with
respect to the c-axis, = 0°, and this exhibits a new peak 1,2" at 3.483 eV_which is out of pcak
in the far-field spectrum (3.435 eV + 20 meV). As the ZnO has valence band anisotropy owing
to the wurtzite crystal structure, the operator corresponds to the 75 (/7) representation when the
electric vector E of the incident light is perpendicular (parallel) to the crystalline c-axis,
respectively. By considering the energy difference between /5 and 77 in the center of the zone
around 40 meV for bulk material, and the direction of the incident light polarization with respect
to the c-axis, emission peaks I,aQW and I,bQW in Fig. 5(a) are allowed for the exciton from /5 and
I, respectively. This successful observation of a /7 exciton in a PL spectrum_originates from
the enhancement of the exciton binding energy owing to the quantum confinement effect because
the exciton binding energy of the emission from /7 (50-56 meV) is comparablc to that from /7
(60 meV). The homogeneous linewidth of emission peak 1.2 (753) is in the range 3-5 meV,
while that of 7,," (£7) is 9-11 meV [Fig. 5(b)]. This difference is attributed to the degeneracy
of the transition of the /7 exciton with continuum and to the contribution of the residual strain
field, and results in sensitive dependence of the /7 exciton on the strain. The solid triangles and
circles in Fig. 5(c) shows the respective normalized integrated PL intensity at I,uQW and 1,,¢",
respectively, which are in good agreement with the sine-squared and cosine-squared functions
represented by the solid curves. These results indicate that emission peaks 12" and 1,,¢"
originate from unidirectional transition dipoles that are orthogonal each other.

To study the linewidth broadening mechanism, Fig. 5(d) shows the polarization-
dependent near-field PL spectra (NF-NFyy) and absorption spectrum obtained for isolated ZnO
SQWs with a thinner well layer (L, = 2.5 nm). In NF,-NFy, the emission peaks /”"*%*” around
3.535 eV originate from the ZnMgO layers. Emission peak 1,,2" originates from the /5 exciton
in the SQWs, as was the case for I/HQW in Fig. 5(a), since the position of peak 527 (3.503 eV) is
comparable to that_of the dominant peak in the far-field PL spectra (3.480 eV) and the theoretical
prediction (3.455 e¢V) using the finite square-well potential of the quantum confinement cffect in
the ZnO well layer. In comparison to ZnO SQWs with L, = 3.75 nm, however, emission peak
12" had a broader linewidth (7-10 meV), which is attributed to the shorter exciton dephasing
time. In the nanocrystallite where the excitons are quantized, the linewidth should be determined
by the exciton dephasing time. Such dephasing arises from the collisions of the excitons at the
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irregular surface, so that the linewidth is d? (d is the effective size of the quantum structure). The
observed well-width dependence of the spectral linewidth, 3.75%/2.57~3/7, and the Stokes shift
of 7 meV [see Fig. 5(c)] larger than that for L, = 3.75 nm (3 meV) are supported by this
dephasing mechanism quantitatively. Although emission peak 1,,%" was suppressed for 6=0°. no
peaks corresponding to the 7 exciton in SQWs were detected owing to the reduction ol the
exciton binding energy, since the peak energy of /7 for the ZnO SQWs with 1,, = 2.5 nm is
comparable with that of ZnMgO.
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Fig. 5. Polarization-dependence of near-field PL spectra of isolated ZnO SQWs obtained at 15 K. (a) NF' . I
near-field and far-field PL spectra of isolated ZnO SQWs (L,, = 3.75 nm) for =0, 30, 60, and 90 degrees. (b) Solid
triangles and circles are the polarization dependence of the linewidth of 7, and 7,,°", respectively in (a). Open
triangles are the polarization dependence of linewidth of 52" in (d). (c) Solid triangles and circles are the
integrated PL intensities, /;;, of I,,,(-)W and I,,,(-)W, respectively, normalized to the total PL intensities (I,(,U”' + /,,,(-'”‘).
(d) NF | FF: near-field and far-field PL spectra of isolated ZnO SQWs (L., = 2.5 nm). Abs.: absorption spectrum.

Near-field PL spectrum of the nanorod SQWs with L, = 5.0 nm (NF,,) shows broader
spectral width of £,°¢" with an additional peak at 3.395 eV (1,). In order to determine the origin
of the /, emission peak, we obtained spatially-resolved near-field PL spectra along the axial
direction of ZnO SQWs of L,. = 5.0 nm (Fig. 6). Curves from 1 to 14 shown in Fig. 6(a)
correspond to the near-field PL spectra obtained for every 18 nm from the left- to right-hand side
along the dashed white line in Fig. 6(b). Curve 10 of NF and curve FF in Fig. 6(a) are the same
as curves NI, and FF, in Fig. 5(a), respectively. Figs. 6(b)-6(f) show the spatially and spectrally
resolved PL images at 3.365, 3.393, 3.400, 3.410, and 3.550 eV, respectively. Several
conclusions can be drawn from these spatial distributions. First, the full width at half maximum
of linear shaped distribution of 1, at 3.365 eV [Fig. 6(b)] was as small as 20 nm. This result
confirms that this distribution is originated from the isolated ZnO SQWs nanorod. Second.
comparison between the cross-sectional profiles along the dashed white lines in Figs. 6(b) and
6(e) reveals that the peak intensity at 3.365 eV (1,”°) from the ZnO stem decrease, while the
emission at 3.410 eV from the SQW (Z,°¢") remained to the end of the nanorod (see also curves
B and E in Fig. 6(g)). This result supports the postulate that the blue shifted emission at 3.410
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eV (1,°?") was confined to the end of the ZnO stem, surrounded by the ZnMgQ barrier layers
[see curve F in Fig. 6(g)]. Third, the emission peak of I, divided into two peaks of 3.393 eV (/,;:
Fig. 6(c)) and 3.400 eV (/,2: Fig. 6(d)), and that the peak intensity of /,, decreases, while the
peak intensity of /,> increases at the end of the nanorod. From the corresponding cross-sectional
profiles [curves C and D in Fig. 6(g)]., we found that these peaks are located at interfaces of the
ZnO well layer and top and bottom ZnMgO layer, respectively [indicated by the arrows F; and
F> in Fig. 6(h)]. These results suggest that the two peaks are presumably originated from the
well-width fluctuations or the strain induced at the ZnO/ZnMgO interface because the well-width

is large as 5 nm [see Fig. 6(h)].
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Fig. 6. (a) Low-temperature (15 K) far-field PL spectra of vertically aligned ZnO nanorod SQWs (<F) and near-field
PL spectra (NF) of the isolated ZnO SQWs (Ly=5.0 nm). Spatial distributions at the peaks of (b) 3.365 (I;Z””), (c)
3.393 (1,). (d) 3.400 (/,2), (e) 3.410 (/,°?"), and (f) 3.550 eV (/™). Scale bars: 100 nm. (g) Curves B-F show
the cross-scctional profiles along the dashed white line in (b)-(f). (h) Schematic of the ZnO nanorod SQWs. Arrows
F; and F»indicate the interfaces between the ZnO well layer and ZnMgO layers.
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The near-field PL measurement of isolated SQWs described above is a promising stcp
toward designing a nanophotonic switch and related devices.
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